A variety of surface-sensitive techniques are used to elucidate the reaction pathways, as well as adsorbate structures, associated with thermal activation of CF3J following adsorption on Ru(001) at 100 K. XPS shows that the C-I bond of CF3I dissociates below 200 K to form CF3(ad) and I(ad); the subsequent reactions of CF2 are best viewed as being regulated by the availability of surface sites. CF3(ad) dissociates to CF2(ad) below 200 K. Further CF3 dissociation, some of which is activated by H(ad), occurs between 200 and 400 K until all available sites are filled. Desorption of the remaining CF3, peaking at 705 K, once again opens surface sites for decomposition. This is followed by recombination of the products to form CF3(g). No evidence for CF(ad) is ever observed. Hydrogen coadsorption studies explain interesting features associated with fluorine evolution. HREELS and ESDIAD results indicate that CF3 adopts a tilted configuration on Ru(001).
Introduction
There is a great deal of interest in the reactions of fluorocarbons on metal surfaces. Many studies have been motivated by problems associated with the use of fluorocarbon polymers as high-temperature lubricants in industrial applications.' Several investigations have focused on examining short-chain fluorocarbons adsorbed on clean, well-ordered metal and metal oxide surfaces in an attempt to model the polymeric lubricants and to study the mechanisms of degradative reactions known to occur in the presence of metals at elevated temperature^.^-'^ Other studies have investigated the reactions of fluorinated alkyl iodides on metal surface^.'^-*^ Because the C-I bond is easily broken, the iodides are excellent precursors for investigating the basic chemistry of fluorinated alkyl groups. Their chemistry can also be compared with the well-studied reactions of alkyl halides on m e t a l~*~-~I to give insight into the effects of fluorination on reactivity.
Focusing specifically on CF31, the subject of this study, the C-I bond is cleaved readily on all metals studied thus far, but the C-F bonds are activated differently. CF31 decomposes to CF3(ad) and I(ad) on Ag( 11 1) with no evidence of C-F bond cleavage upon heating." On the other hand, Ni(100) totally decomposes CF31 to C(ad), F(ad), and I(ad). 20 The activity of Pt(ll1) toward C-F bond cleavage lies between these two extremes, as thermal desorption of both CF3 and CF? is reported.
The catalytic activity of ruthenium, the substrate used in this study, is ~e l l -k n o w n ,~~ and a relatively high C-F bond activity is expected. Indeed, a thermal desorption spectroscopy (TDS) analysis of CF31 on Ru(001) shows desorption of CF3, CFZ, and F.Is The purpose of the present study is 2-fold: (1) to determine the reaction pathways which lead to formation of CF3, CF2, and F by using X-ray photoelectron spectroscopy (XPS) and coadsorption with Hz; (2) to obtain structural information about the fluorocarbon adspecies using high-resolution electron energy loss spectroscopy (HREELS) and electron-stimulated desorption @ Abstract published in Advance ACS Abstrucrs, May 1, 1995.
0022-365419512099-8736$09.0010 ion angular distribution (ESDIAD). The results of a more complete ESDIAD investigation will be published elsewhere. 33 
Experimental Description
The experiments are carried out in three separate ultrahigh vacuum (UHV) chambers. High-resolution electron energy loss spectroscopy (HREELS) measurements are carried out in the first chamber, described in detail e l~e w h e r e .~~.~~ HREELS spectra are taken at the specular angle with a primary beam energy of 1.6 eV and a resolution of 11 meV full width at halfmaximum (FWHM). The intensity of the elastic peak is adjusted to 6 x lo4 counts per s (cps) before scanning.
X-ray photoelectron spectroscopy (XPS) experiments are carried out in a second UHV chamber described p r e v i~u s l y .~~ Mg K a radiation at 1253.6 eV is generated by a Vacuum Generators X-ray source, while photoelectron measurements are made with a double-pass cylindrical mirror analyzer (PHI 15-255GAR) with an analyzer pass energy of 50 eV. Experiments are performed by flashing the crystal and then immediately cooling back to 100 K before beginning the scan. XPS scan windows are 15 eV wide, and data collection time is about 15 min. Core level binding energies are referenced to the Ru(3d5/~) photoelectron peak centered at 280.0 eV. (Peak width at halfmaximum, AElil, is 1.9 eV.) Binding energy uncertainties are approximately f.0.15 eV. I(3ds12) spectra are plotted with scatter points representing the raw data and a solid line through the points calculated with a weighted, least-squares, smoothing routine. F( 1s) spectra show scatter points for the raw data, along with dotted lines indicating each individual state, and a solid line representing the sum of the individual states. Curve fitting is accomplished by first smoothing the data using a 13-point Savitsky-Golay routine and then fitting this smoothed data by assuming a 100% Gaussian peak shape and a full width at halfmaximum (FWHM) of 1.9 eV for each individual state. All data smoothing and curve fitting is performed using Axum software (TriMetrix, Inc.).
Thermal desorption spectroscopy and electron-stimulated desorption ion angular distribution (ESDIAD) experiments are carried out in a third chamber, described el~ewhere.~ The details of the ESDIAD experiments also will be given elsewhere.33 TDS experiments are performed using a UTI IOOC quadrupole mass spectrometer (QMS) interfaced to a HP Vectra QSl20 microcomputer such that multiplexing of up to eight masses is possible. The heating rate is 5.3 Ws (100-200 K), 2.3 Ws (200-400 K), and 4.2 IUS (400-1500 K) for all TDS experiments. It should be noted that, in comparison to previous work,I5 the RF generator of the QMS is retuned to maximize sensitivity in the high-mass range ('40 amu). This leads to different fragmentation patterns for CF, desorbing species. The new relative intensities are 0.45 (CF+), 1.00 (CF2+), and 0.42 (CF3+) for CF3 parent species, and 0.86 (CF+) and 1.00 (CFz+) for CFz parent species. Also, we have found that the high fluorine signal commonly observed in residual gas analysis (RGA) of vacuum chambers after prolonged use of fluorinated compounds is greatly reduced by an increase in the QMS emission current (from 2.0 to 3.0 mA), thereby depleting the ionizer surface of adsorbed atomic fluorine via electronstimulated desorption (ESD). TDS experiments indicate that there is no detectable adsorption of CF31 from background on the time scales typical of cooling and spectral acquisition.
The temperature of the crystal is monitored with a W5%Re-W26%Re thermocouple spot-welded to the back of the crystal for the HREELS, TDS, and ESDIAD experiments. Temperature in the XPS measurements is calibrated with an optical pyrometer. Because of the large uncertainty in this approach, it appears that temperatures in the latter case are as much as 100 K lower than those in the other three experiments. Each chamber allows for resistive heating and thermal contact with a liquid nitrogen reservoir. CF31 exposures are cross-calibrated by determining the saturation point of I(ad).15 This is accomplished by measuring either the I+ TDS peak area or the Ru(273)/I(511) peak ratio in Auger electron spectroscopy (AES) versus cF3I dosing time. Exposures are reported in percentages of the exposure required to saturate the I+ desorption signal, e.g., a "60% saturation exposure."
Initial cleaning of the Ru(001) single crystal has been detailed previ~usly.~ Major contaminants include 0, C, and Si. These impurities can be removed by a combination of Ar+ sputtering, 0 2 exposure, and annealing at 1600-1700 K. Sample cleanliness is monitored by AES and/or X P S . CF31 is purchased from PCR, Inc., which specifies 99.0% purity. Several freezepump-thaw cycles are carried out with liquid nitrogen for further purification. CF31 is introduced into all three vacuum chambers through a directional gas doser. HZ used in coadsorption experiments is purchased from Matheson (minimum 99.99% purity) and introduced through a standard leak valve with no further purification. H2 exposures are reported in langmuirs (1 langmuir = Torr s). 
TDS.
The thermal desorption spectrum of a saturation exposure of CF31 on Ru(001) at 100 K is shown in Figure 1 . A complete TDS study has been published previously, and the results of that investigation are summarized in Table l .I5 As can be seen from Table 1 , two states of molecular CF31 are observed. These are assigned to a chemisorbed layer bound directly to the surface and a physisorbed multilayer, with desorption peak temperatures at 145 and 136 K, respectively. A substantial amount of C-F and C-I bond breaking occurs, as evidenced by desorption states of CF2, CF3, CF4, atomic iodine, and two states of atomic F. The area of the I+ peak (mlz = 127) grows monotonically with increasing exposure until a saturation level is reached, above which only the multilayer cF3I state grows. Subsaturation exposures sequentially populate Temp (K) Figure 1 . Thermal desorption spectrum for CF3I on Ru(001) following a saturation exposure at 100 K. I5 We call special attention to the shape of the CF3 peak, where a sharp peak at 705 K is superimposed on a much broader feature extending to 900 K. As can be seen from Figure 1 , depending on the level of background hydrogen, QMS detection of HF+ (mlz = 20) can be more sensitive than F+ (mlz = 19) to the previouslymentioned atomic fluorine states at 270-390 and 1226 K. The HF+ signal can arise from one of three possible sources: desorption-limited HF, reaction-limited HF, or desorption of F(ad) followed by hydrogenation in the vacuum chamber. The relatively high desorption temperatures allow us to rule out desorption-limited HF; HF is known to desorb from metal surfaces below 130 K.37-39 Reaction-limited HF can be ruled out for the 1226 K state since hydrogen desorption from clean Ru(OO1) is complete by 500 K.@ We can, therefore, attribute the 1226 K state to desorption of atomic fluorine followed by hydrogenation in the vacuum chamber. This assignment is reinforced by ESDIAD results presented
The lower-temperature state attributed to atomic fluorine is more complex and actually consists of two well-resolved features. Two features were also suggested in the previous TDS data for F+ (although not well-resol~ed).'~ Figure 2 shows the HF+ signal in the 100-500 K range as a function of increasing CF31 exposure. In Figure 2 , the first feature appears initially at 390 K and shifts down while growing larger and then disappears; the second appears at 250 K and shifts slightly upward while growing larger. These shifts in peak position indicate a deviation from simple first-order desorption kinetics. Figure 3 shows the results of a 60% saturation exposure of CF31 on clean Ru(OOl), followed by a 2.0 L H2 exposure. Figure 3A shows the HF+ (mlz = 20) signal which monitors desorbing HF and F, while Figure 3B shows the CF2+ (mlz = 50) signal, monitoring CF31 and CF2 desorption. The dotted lines represent a TDS experiment with no H coadsorption, while the solid lines represent a CF31 exposure followed directly by 2.0 L of H2 at 100 K. Clearly, H2 does little to affect either the amount or the temperature of molecular cF3I desorption. Above 200 K, however, the chemistry changes greatly. Figure  3A shows that, when H is coadsorbed with CF31, both features of the low-temperature HF state grow substantially, with the lowest shifting from 265 to 275 K and the highest shifting from 340 to 325 K. The CF;? and F intensities, meanwhile, drop to barely detectable levels. The results shown in Figure 3 lead us to conclude that coadsorbed H has little effect on the initial decomposition of adsorbed CF31. Molecular desorption is not altered, and in data not shown, the atomic iodine state is unchanged. The decomposition of the resulting CF, species, however, is very different: coadsorbed H(ad) appears to activate A 100 500 900 1300
Temp (K) C-F bonds, resulting in more HF desorption. Similar results were reported previously for D2/CF3I coadsorption studies on Figure 4 shows results from coadsorption experiments which are different in two ways. First, the sample is annealed between exposures. In each curve, the crystal is flashed to the given temperature after CF31 exposure, cooled to 150 K, and finally exposed to 2.0 L of H2. Second, the CF31 exposure is slightly higher, about 80% of saturation. Under these conditions, Figure  4A shows the HF+ TDS signal while Figure 4B shows CF2+. The dotted lines in Figure 4B represent the control experiments using the same experimental conditions, except no HZ exposure. No similar dotted lines are included in Figure 4A , since the controls show negligible signal above background.
Comparison of the solid and dotted lines in the 600 and 700 K cases of Figure 4B shows that, while coadsorbed H2 has no effect on the CF3 desorption state, the intensity of the CF2 state at 1165 K is slightly lower. This loss of CF2 is accompanied by the emergence of the HF state between 250 and 400 K in Figure 4A . Presumably, the F which is lost from the CF;? state appears in the emerging HF state. As the flash temperature increases to 950 K, the HF peak becomes very large and the corresponding CF2 signal disappears completely. Above 950 K, the CF2 desorption state remains absent, and the HF peak area eventually declines.
Pt(111).'6
Reactivity and Structure of CF3I on Ru(OO1) As indicated in section 3.1, two HF features are evident in the 100-500 K range (Figure 2 ). Both are also evident in the coadsorption experiments ( Figures 3 and 4) . The first of these is broad, with peaks from 290 ( Figure 4A ) to 380 K (Figure 2 ).
This wide range of values is consistent with second-order kinetics, since the peak at ~8 0 K in Figure 2 corresponds to H2 exposure from the background (low coverage), while the 290 K peak in Figure 4A corresponds to a deliberate H2 exposure (higher coverage). The TDS data in Figure 1 show that flashing a CF31 multilayer to 1200 K depletes the surface of all adsorbed species except atomic fluorine (and possibly some residual carbon). When H2 is dosed after flashing to 1200 K, TDS shows a strong HF peak at 290 K ( Figure 4A ). We can, therefore, attribute the broad HF feature showing second-order characteristics to combinative desorption of F(ad) and H(ad).
The other HF feature between 100 and 500 K is sharper and appears fist at 250 K in Figure 2 and then shifts slightly upward with increasing CF31 exposure. In the coadsorption studies, this peak is as high as 275 K. Although the mechanism is not unequivocal, we hypothesize that this feature is due to H(ad)-induced C-F bond activation, resulting in formation of HF(g). As previously indicated, this peak is accompanied by a small amount of CF, desorption at high CF31 coverages.
3.3. XPS. X-ray photoelectron spectroscopy (XPS) yields further insight into the composition of the adlayer. A summary of the species detected by XPS and their respective binding energies, as well as a comparison to related work, is given in Table 2 . The relative contribution of molecular and dissociative adsorption at 100 K is revealed by the F(ls) spectra, shown as a function of exposure at 100 K in Figure 5 . Some degree of molecular adsorption is to be expected since TDS shows desorption of chemisorbed CF31 beginning after an exposure of 18% saturation. Indeed, XPS shows two states: CF3 at 685.4
eV and CF31 at 687.1 eV. A comparison of the peak areas of the two states shows a 2:l CF3 to CF31 ratio following an exposure of 25% saturation at 100 K, while at 50% saturation this ratio increases to 2.4:l. Increasing the CF31 exposure to 150% saturation shows no change in the size of the CF3 peak but approximately a 6-fold increase in the cF3I peak, indicating that adsorption is mostly molecular above 50% saturation.
F(1s) X P S spectra are shown in Figure 6 as a function of annealing temperature, starting from the multilayer represented at the top of Figure 5 . Binding Energy (eV) Figure 6 . F(1s) XPS spectra at different annealing temperatures. The initial cF3I exposure is 150% saturation. The y scales in all four spectra are the same.
upon heating from 200 to 500 K, as would occur if CFs(ad) were forming CF2(ad) and F(ad). This indicates either that CF3 decomposes completely to C and F, while CF2 is stable, or that both CF3 and CF2 defluorinate simultaneously, with the rate of formation of CF2 canceled exactly by its rate of loss, Le., with no net change in CF2 concentration. The latter scenario seems unlikely, as there is no apparent reason why these two rates should simply cancel. After flashing to 700 K, no fluorocarbons appear in XPS. TDS shows a desorption state of CF3 peaked at 705 K and tailing off to almost 900 K. Although the origin of this TDS state is discussed in section 4.1, we note here that the low-temperature component alone is associated with CF3(ad). Hence, heating to 700 K leaves the crystal in the CF3 desorption region long enough to remove all, or nearly all, the CF3(ad), thus accounting for its disappearance in XPS.
Upon flashing to 900 K, F( 1s) XPS shows one peak at 682.5 eV; by 1100 K, no F(1s) signal is visible (not shown). We attribute the peak at 682.5 eV, as well as the peak at 681.4, to atomic fluorine. The shift from 68 1.4 to 682.5 eV is interesting. We speculate that different binding sites, possibly defect sites, are populated at the higher temperature.
It should be noted that XPS is relatively insensitive to low concentrations of fluorine. TDS shows desorption of CF2 at 1165 K and F at 1226 K, yet XPS shows no F(1s) signal above 1100 K. Unfortunately, overlap of the C( 1s) peak with that of Ru(3dwz) precludes quantitation of C( 1s) spectra.
The interpretation of the F( 1s) spectra is supported by I(3d5/2) XPS as a function of increasing temperature (Figure 7 ). Beginning again with a thin multilayer (150% of saturation), Figure 7 shows a peak at 619.8 eV. This value varies significantly from the reported values of 620.4 and 620.5 eV for multilayer CF31 on Pt( 11 1)16 and Ag( 11 l),I7 respectively. This difference may have two sources. The first is a substrate contribution due to the thin initial multilayer ( < 2 layers) used 61 9.8 900 1100"" in our experiments. Second, the width of this peak indicates a contribution from I(ad), consistent with the F( 1s) data showing some C-I bond scission at 100 K. Therefore, the overlap of the multilayer and atomic iodine peaks may also cause some difference. Upon heating to 200 K, all molecular CF31, both physisorbed and chemisorbed, desorbs and the peak at 619.8 eV decreases in intensity and shifts to 619.3 eV. We assign this to I(ad) since its position and intensity remain constant until the beginning of atomic iodine desorption (Figure 1 ). No iodine is detected by XPS after flashing to 1100 K. Figure 8 shows the I(3ds12) signal as a function of CF31 exposure. At 25% saturation, a peak at 619.4 eV is observed. The slight shift from the I(ad) value of 619.3 shown in Figure  7 indicates a contribution from both I(ad) and molecular CF31. No change in peak position is observed in moving from 25% saturation to 50%. Population of the multilayer, however, causes the peak to shift to 619.8 eV.
HREELS.
We now tum to HREELS for information regarding the structure of adsorbed CF31 and the resulting CF, species. Figure 9 shows the HREELS spectra of a multilayer (300% of saturation exposure) of cF3I on Ru(001) at 80 K as a function of annealing temperature. Peaks are visible at 745, 1092, and 1189 cm-I. On the basis of previous assignments, compiled in Table 3 , we assign these peaks to the C-F symmetric deformation, the C-F symmetric stretch, and the C-F asymmetric stretch, respectively. We detect neither the asymmetric C-F deformation (at 539 cm-' in the gas phase) nor the C-I stretch (at 284 cm-I).
Upon annealing to 215 K, the peak at 745 cm-' disappears. As at 80 K, two peaks are evident in the C-F stretching range, but their positions shift to 1082 and 1240 cm-I. Raising the temperature to 250 K results in loss of the feature at 1082 cm-I, leaving only the peak at 1240 cm-I. By 600 K, we still observe only one peak, but its position shifts to 1202 cm-I. This peak disappears at 700 K, above which no loss features are evident.
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617 619 621 623 625 Binding Energy (eV) Figure 8 . I(3dsl2) XPS spectra as a function of initial CF3I exposure at 100 K.
ESDIAD. The results of a complete ESDIAD inves-
tigation will be published elsewhere.33 For present purposes, Figure 10 shows the ESDIAD image produced from a multilayer exposure of CF31 (400% of saturation) heated to 500 K. The image itself is taken after recooling to 170 K. We believe that this image represents emission from the (001) terraces. Only a single normal beam is visible with no evidence for azimuthal ordering. Figure 11 shows that a different ESDIAD image is obtained when the incident electron beam is focused near the edge of the crystal. Other conditions are the same as in Figure  10 . This image shows hexagonal emission, all trace of which disappears at 700 K. Identification of the ESD products is possible by focusing the resulting ion beam into the QMS with the ionizer current turned off. Not surprisingly, Ff is the major ESD product identified. We can, therefore, attribute the ESDIAD images in Figures 10 and 11 to ESD of fluorine from either F(ad) or CF,-(ad).
Discussion

Reactions of CF31. The original observation of CF3
and CF2 desorption in this system, and the coverage-dependent emergence of these species (Table l) , led to speculation about whether desorption of these fragments was controlled by dissociation-site-blocking or dissociation-recombination. l5 Our data show that, while both processes occur, the predominant features of this system are controlled by dissociation-siteblocking of the adsorbed CF3 fragment.
This CF3 fragment forms already upon adsorption at 100 K, as shown clearly by the XPS data of Figure 5 . Adsorption is both molecular and dissociative, resulting in a mixture of CF31-(ad), CFdad), and I(ad). The relative areas of the peaks corresponding to CS(ad) and CFsI(ad) show that dissociative adsorption dominates at exposures below 50% saturation. In moving from 50% saturation to 150%, the size of the F(1s) peak Figure 6 . Also, by 200 K, a small amount of CFz(ad) is evident. This CFz(ad) is most likely formed by thermal decomposition of CFs(ad). Consistent with the site-blocking model, we believe that this decomposition reaction is regulated by the availability of surface sites, and we speculate that, at low coverages, conversion from CF3 to CF2 is most complete.
Further defluorination of CF3, and possibly CF2, occurs between 200 and 400 K, as indicated by XPS. This is due, at least in part, to C-F bond activation induced by the adsorption of background H2 on the surface. This C-F bond breaking is responsible for the two peaks in the HF+ desorption signal shown in Figure 2 . The first peak, at 250 K, is attributed to HF(g) formed during the activation step. The second, appearing between 300 and 400 K, is due to combinative desorption of some F(ad) with H(ad). (XPS shows in Figure 6 that a significant amount of F(ad) is also retained beyond this point.)
The emergence of the low-temperature HF+ feature with (1 111.17 Figure 10 . ESDIAD image of a multilayer coverage of CF31 after heating to 500 K. increasing coverage, coupled with disappearance of the highertemperature feature, can also be explained by site-blocking (Figure 2) . At low coverage, C-F bond activation results in F(ad), which is subsequently depleted by combinative desorption to form HF(g). As coverage increases, dissociation becomes more difficult and occurs only in the presence of H(ad). This is consistent with the observation that the 250 K HF feature becomes dominant at the same exposure where CF3 desorption begins to appear at 705 K, since we attribute the latter to firstorder desorption of stable CF3. Hence, CF3 emergence at 705 K and HF growth at 250 K are both signatures of the same phenomenon: stabilization of CF3 against dissociation by siteblocking at high coverage. Some fluorocarbon fragments may also be ejected directly into the gas phase upon CF3 dissociation at high coverages, explaining the small CF+ and CF3+ desorption peaks concomitant with the low-temperature HF+ peak ( Figure  1) . Ejection into the gas phase may again be favored by the absence of sites to accommodate CF, fragments.
Thus, at high coverages ('70% of saturation exposure), a substantial amount of CF3(ad) remains on the surface at 500 K. Some of this CF3(ad) desorbs, with a maximum rate at 705 K. As this desorption step begins, surface sites are again available for decomposition. This decomposition is not only supported by an increase in the amount of F(ad) detected at 700 K by XPS ( Figure 6 ) but also by the H2 coadsorption data presented in Figure 4 . After flashing the crystal to 600 K, very little space is available for H2 adsorption, as evidenced by very little C-F bond activation following H2 exposure. At 700 K, CF3 desorption occurs. If surface sites were now available for H(a), H2 exposure would result in increased C-F bond activation and a large HF desorption peak at 250 K. As Figure 4 shows, this is not the case until the flash temperature reaches 950 K. Instead, as CF3 desorbs at 700 K, vacated surface sites are quickly filled by further decomposition of CF3, thereby inhibiting H2 adsorption after flashing to 700 K.
The thermal desorption data show a very small CF4 state at 605 K.15 This is certainly due to a recombination reaction, probably either CF3(ad) or CF2(ad) with F(ad), or CF2(ad) with CF2(ad). If the reaction involves CF2(ad), this would explain the apparent stability of CF2 up to 500 K and its abrupt disappearance by 700 K (Figure 6) . Alternatively, the disappearance of the CF2 signal in XPS upon heating to 700 K ( Figure  6 ) may be due to simple dissociation when sites become available at high temperatures.
The CF3 desorption state from 650 to 900 K (Figure 1 ) is actually comprised of two features. The first is the peak at 705 K which we have already attributed to desorption-limited CF3 evolution. The second, a higher-temperature foot extending to 900 K, is more difficult to interpret. XPS shows no evidence of C-F bonds following a flash to 700 K but substantial loss of atomic fluorine between 700 K and 900 K. Because the only related desorption feature in this range is the high-temperature CF3 foot, we are led to conclude that this CF3 feature is the result of recombination of F(ad) with CF,(ad) (x = 1, 2) or with atomic carbon, C(ad). This conclusion is similar to the recombination of PF,(ad) (x = 0,1,2) fragments, observed both on Ni( 11 1)46 and R u ( O O~) .~~ The fact that XPS detects no C-F species in this range indicates that concentrations of any CF, species are very small or that reaction of F(ad) with C(ad) to form CF3 is followed by instantaneous desorption, leaving no CF, to detect with XPS upon recooling.
The only remaining desorption features are due to atomic iodine, a CF2 state at 1165 K, and. an atomic fluorine state at 1225 K. Figure 1 shows iodine desorption between 700 and 1200 K. The asymmetry on the low-temperature side of the peak is similar to that which has been observed in at least one other system.48 In our case, it appears coupled to the state we have attributed to recombinative CF3 desorption, an observation for which we can offer no explanation at this time. The CF2 state may arise from recombination, e.g., of C(ad) and F(ad), although the apparent order of the desorption kinetics does not support this. Altematively, the CF2 state may arise from desorption of stable CF2, although no C-F bonding is detected above 700 K by XPS (Figure 6 ) or HREELS ( Figure 9 ). The XPS data might be explained if the concentration of CF2 remaining at high temperatures is simply below the detection limit of XPS, as is certainly the case for the atomic F which remains to 1225 K. A similar explanation could apply to the HREELS data, although a poor detection limit in HREELS could also be due to a tilted geometry (section 4.2) rather than a low concentration. (The TDS data cannot be calibrated to yield effective surface concentrations for various states, unfortunately, but it is not unreasonable to expect that the detection limit of TDS can be much smaller than that of XPS or HREELS.) In any case, it is probable that both of these high-temperature desorbates, CF2 and F, arise from species formed as a result of C-F bond activation at 250 K, since both states are depleted by H2 coadsorption (Figures 3 and 4) . The apparent inertness of these species toward recombination at lower temperature may be a result of preferential adsorption in a specific type of site, such as a defect site. It is reasonable that such more-stable (less-reactive) sites would be occupied first. This would then explain why the two high-temperature desorption states are populated at low to medium coverages, preceding the appearance of recombinative CF3(ad) ( Table 1) . The model which develops, then, is one in which dissociation of CF31 to CF3 and CF2 occurs between 100 and 200 K. The CF3 can dissociate further between 200 and 500 K. As coverage increases, dissociation of CF3 is inhibited due to site-blocking. At high coverages, around 600 K, recombination, probably of CF3(ad) or CF*(ad) with F(ad), yields CF4(g). At 700 K, desorption of CF3 occurs, freeing sites for further dissociation, which is then followed by recombination and desorption of more CF3. The origin of high-temperature desorbates CF2 and F is difficult to assess, mainly because our HREELS and XPS data do not detect any associated adsorbed species.
4.2. Structures of CF,. X P S shows that the fraction of CF31 which adsorbs molecularly, directly to the Ru substrate, does so through the iodine atom. Figure 5 shows that the F(1s) binding energy for CFsI(ad) does not change in moving from subsaturation to multilayer exposures. On the other hand, the corresponding I(3dv2) peak, shown in Figure 8 , does shift in moving to multilayer coverages. This suggests that the iodine, not the fluorine, interacts with the metal surface. This argument was also used previously to describe the bonding of cF3I to
The HREELS results of Figure 9 yield information regarding the structure of the fluorocarbon species which form following decomposition of CF31. As the results in Table 3 indicate, the spectrum for a CF31 multilayer at 80 K closely resembles that of CF3I(g). Upon heating, however, several changes occur. The symmetric deformation at 745 cm-' disappears, leaving only C-F stretches at 1082 and 1240 cm-'. The positions of these peaks match closely the symmetric and asymmetric C-F stretches measured at 1087 and 1251 cm-I, respectively, for the CF3 radical isolated in an inert argon matrix.M' If we adopt these assignments and assume that CF3 is bonded to the metal through the carbon atom, we see that the structure of CS(ad) on Ru(001) is much different than that on Pt( 11 1) and Cu( loo), which show only the symmetric stretch, thereby indicating CF3-Pt( 11 1).'6 J. Phys. Chem., Vol. 99, No. 21, 1995 8743 (ad) adsorption with C3" ~y m m e t r y . '~. '~*~~ The observation of both the symmetric and the asymmetric modes indicates that CF3(ad) is adsorbed in a tilted configuration on Ru(OO1).
Upon annealing to 250 K, the symmetric component disappears and only a single peak at 1240 cm-' remains. This may indicate a stronger tilt of the CF3 group, making the C-F symmetric stretch invisible due to the surface dipole selection rule. (If this interpretation is correct, however, the constancy of the frequency at 1240 cm-' is somewhat puzzling; major changes in orientation should be accompanied by changes in frequency as well.) The single peak persists, although decreasing in frequency, to 700 K where TDS shows CF3 desorption (Figure 1) .
The published C-F stretching assignments listed in Table 3 show that frequency assignments based solely on comparison with the matrix isolation study may be inaccurate. For instance, while a frequency of 1087 cm-' is reported for the symmetric C-F stretch of CF3 in an argon matrix, values reported for CF3-(ad) range from 1060 to 1205
To provide further help, we tum to the ESDIAD results. A CF3(ad) species exhibiting C3" symmetry and bonded through the carbon atom should produce a hexagonal ESDIAD image generated by two adsorption domains, each rotated 60" from the other. Our ESDIAD results, however, show hexagonal emission from CF3-(ad) only on the crystal edge ( Figure 11 ). There is only a single central beam visible from CF3(ad) on the crystal terraces ( Figure  lo) , generated by ESD of F+ from a C-F bond oriented perpendicularly to the surface plane. This is consistent with our assignment of the H E E L S peak at 1240 cm-' to the asymmetric stretch of tilted CF3(ad).
Support for this approach to combining ESDIAD and vibrational spectroscopy is provided by a previous study of PF3 adsorption on Ni(ll1). There, only one IR band, the P-F symmetric stretch, is visible following PF3 adsorption, indicating a C3v adsorption geometry;49 consistent with this assignment, ESDIAD shows a six-beam hexagon. 50 Combining the HREELS and ESDIAD interpretations then, the picture for CFs(ad) is one of a tilted molecule which retains some degree of pyramidal symmetry, with one of the C-F bonds perpendicular to the surface. Then the other two C-F bonds would necessarily be in close proximity to the surface, perhaps stabilized by a favorable F-Ru interaction. C-F bond interaction with Ru through the F atom has been documented in the organometallic literat~re.~' Interestingly, our ESDIAD results and their interpretations are very similar to those for NF3 on Ru(OO~).~* In that study, as in ours, only normal emission of ESD products is detected on the crystal terraces, whereas hexagonal images are seen near edges of the crystal face. In both studies, the effect of crystal edges-with their high defect densities-remains unexplained at this time. Figure 9 shows that the frequency of the C-F asymmetric stretch decreases from 1240 cm-' at 215 K to 1202 cm-' at 600 K. Although not shown in Figure 9 , this shift actually occurs above temperatures of 400 K. We attribute this shift to a decrease in dipole-dipole interactions between neighboring CF3 groups following the activation of C-F bonds, which occurs below 400 K. A similar effect has been well-characterized for PF3 adsorption on metal ~u r f a c e s .~~,~~ On Ni(l1 l), for instance, an upward shift of 58 cm-' in the P-F symmetric stretch with increasing coverage is attributed to increased dipole-dipole coupling between PF3 groups. 49 While our discussion of the HREELS results has centered around the structure of CF3(ad), the data must also be reconciled with the evidence for CF2. The evidence is of two types and applies over two different temperature regimes: first, TDS data showing CF2(g) above 700 K; second, X P S data showing CF2-(ad) below 700 K. It is not necessary that the same explanation apply in both regimes. Possible explanations for the first case have already been offered in section 4.1. In the second case, XPS shows a significant amount of CFz(ad) below 700 K, yet no new HREELS features arise from such a species. One possible explanation is that the bands of CFz(ad) overlap with those of CF3(ad). This is possible, given the relative broadness of the peak and the previously-reported stretching frequencies of CFz listed in Table 3 . However, examination of the peak intensities as a function of temperature (not shown) offers no support for this interpretation. Another possibility is that the CFz(ad) adsorption geometry makes its vibrational activity invisible to HREELS detection. If CF2 is strongly tilted, Le., with its molecular axis parallel, or nearly so, to the surface plane (as proposed for CS(ad)), then both the symmetric and asymmetric C-F stretches would be inactive.
Conclusions
CF31 adsorbs both molecularly and dissociatively at 100 K on Ru(001), with dissociative adsorption dominating at low exposures and molecular adsorption dominating at high exposures. Upon heating, the multilayer desorbs at 136 K and part of the undecomposed, chemisorbed layer desorbs at 145 K. By 200 K, all C-I bonds have broken and some of the remaining CF3(ad) groups have decomposed to CFz(ad). Further defluorination of the CF3 species occurs between 200 and 400 K. Coadsorption with H2 indicates that this process is at least partially induced by H(ad) from adsorption of background HZ and, at high coverage, may be accompanied by direct ejection of CF, fragments into the gas phase.
At high coverages, surface fragments combine at 605 K to desorb as CF4(g), after which desorption of CF3 begins, peaking at 705 K. This desorption step opens up surface sites for further decomposition of CF3(ad) and, possibly, CFz(ad). Some of the decomposition products recombine up to 900 K and desorb as CF3(g). Above 900 K, desorption of atomic iodine is observed, as well as desorption of CF2 at 1165 K and F at 1225 K. The high-temperature CFz state may be due to recombination of atomic species or desorption of a minority state, such as CF2 at steps.
HREELS data suggest that CF3(ad) adopts a strongly-tilted orientation, thereby causing the C-F symmetric stretch to be inactive. This is supported by ESDIAD, which shows only normal emission of F+ for CF3 adsorbed on terrace sites. The ESDIAD results are interpreted to mean that one C-F bond is perpendicular to the surface, while the other two are in close proximity to the metal.
